Shock wave transmission and propagation in solid media is studied using fiber optic pressure and velocity probes. Shock waves are generated in two experiments using a high power laser facility as well as conventional explosives. Shock wave properties including peak overpressure, mass velocity, shock duration, impulse, arrival time and shock velocity are characterized using fiber tip interferometric displacement sensors and Fabry-Perot pressure sensors. Measurements are conducted in polymethyl methacrylate and limestone. The probes recorded shock pressures up to 0.1 GPa (1 kbar). Measurements from the fiber optic sensors are shown to be in close agreement with measurements from an electrical sensor based on a Dremin loop.
INTRODUCTION
Understanding shock wave propagation is useful for a number of practical applications, ranging from nuclear fusion experiments [1] , synthesis of protective materials [2] , explosive energy coupling to solid structures [3] in addition to basic studies on materials in extreme conditions [4] . However, direct measurements on shock waves propagating in solid media are difficult due to the high pressure generated by the shock.
In a previous publication, we demonstrated the principle of using fiber tip sensors to characterize shock waves in polymethyl methacrylate (PMMA) generated by a high power laser focused onto a target, placed in close proximity to the solid [5] . We have conducted two further tests using fiber optic probes based on the same design used in [5] . One test employed a high power laser to generate shock waves from a target placed in an air cavity surrounded by PMMA. A second test used packed PETN explosive powder placed inside a cavity within a block of dry Salem limestone. In both tests a spherically expanding shock wave is generated in air that couples into the surrounding solid. Fiber optic probes were incorporated into the test blocks at different distances from the explosion origin enabling the shock propagation to be characterized as the shock propagates through the material.
FIBER OPTIC SHOCK WAVE SENSORS
The basic principle of the fiber tip sensor is shown in fig.1(a) . A shock wave entering the fiber from the right causes a change in optical path length (OPL) of the optical fiber. This change in path length can be measured by placing an optical device at the tip of the fiber that can respond to this length change or by measuring axial displacement of the fiber tip using interferometry.
Fabry-Perot Pressure Sensor
The fiber Fabry-Perot sensor is of the type described in [6] . It consists of a two gold coated mirrors separated by a 10 μm thick polymer spacer (Parylene-C), as illustrated in the inset of fig. 2(b) . This is formed on the tip of a single mode optical fiber, which is 125 μm in diameter. A single frequency laser is tuned to the lower wavelength half-power point of the optical resonance. Shock induced pressure causes a volumetric change in the thickness of the polymer spacer, which changes the position of the resonance, causing a change in the reflected intensity of the laser. It has been shown that the change in optical path length in the cavity length is determined primarily by changes in the cavity length. The stress-optic effect has been shown to be negligible [7] . The response to pressure has also been previously measured to be ~250 nm/GPa from measurements conducted in water [6] and this value is used to calibrate the results in this work. 
Michelson Interferometer Velocity Sensor
The Michelson interferometer (MI) comprises a cleaved optical fiber with a mirror coating formed on the end face, shown in the inset of fig 1(c) . Movement of the mirror in the axial direction of the fiber will modulate the phase of the interferometer [8] . This is measured using a heterodyne technique where a frequency shift is imposed through an acoustic-optic modulator (AOM) placed in one arm of the interferometer, as shown in fig. 1(c) . The phase information is extracted using a Hilbert Transform to determine the instantaneous frequency of the heterodyne carrier. The interferometric phase is proportional to the axial displacement of the fiber tip. When the fiber is embedded in a solid material, the tip displacements closely follow the component in the axial direction of the fiber of shock induced mass displacement of the solid material. The mass velocity is calculated by differentiation of the measured displacement using a Savitsky-Golay differentiating filter. The pressure is determined from the mass velocity, using a plane wavefont assumption, where the shock pressure, P , and shock velocity, U s , are related by P = ρU s U p where ρ is the density. For all measurements carried out, the fiber is aligned along a radius from the explosion center pointing in the direction of the explosion. 
HIGH POWER LASER DRIVEN SHOCK WAVES
Tests have been carried out in a high energy laser facility known as the NIKE facility [9, 10] . This facility generates a pulse energy up to 2 kJ with a total of 48 beams and a pulse duration of 4 ns at 248 nm. Laser in size of 1 mm. These experiments were conducted with laser energies of 400 J or 1.4 kJ. The test block consisted of a spherical cavity in which the foil target is held at the narrow end of a conic opening, shown in fig. 2(b) . The beam is directed onto the target through the conic opening [5] . Three fiber probes are inserted into the block at different radial distances from the target. A set of blocks with different cavity radii were tested enabling the distance between the target and air/solid interface to be varied. Fig. 2(c) shows a series of measured shocks from probes at the same distance from the explosion but with different sizes of cavity radius (3.75 mm, 20 mm, 40 mm). The largest shocks 0.047 GPa (0.47 kbar) were measured with the smallest cavity. Shock durations ranged from 2.6 μsec to 22.1 μsec. The Fabry-perot sensor demonstrated a minimum detectable overpressure ranging from 0.1 to 0.5 MPa (0.001 to 0.005 kbar) depending on the finesse of the Fabry-Perot and the maximum shock pressure recoverable is ~0.1 GPa (1 kbar) yielding a dynamic range of ~10 3 .
EXPLOSIVE DRIVEN SHOCK WAVES
In a separate experiment, shock waves were generated with an explosive charge placed in the center of an air cavity. 3/8 gram of packed PETN was used as the charge. Four fiber probes were inserted at different radii from the charge and pointing in the direction of the charge, illustrated in fig. 3(a) . One of the fiber probes incorporated a Michelson interferometer sensor and Fabry-Perot sensor in the same position (both fiber tip sensors were molded into an epoxy cap). Dremin wire loops were also incorporated into the target in horizontal planes. As the shock propagates through the material the radius of the loop is changed. A vertical magnetic field, generated by a solenoid, causes a current to be generated in the loop proportional to the rate of change of the loop radius equal to the material mass velocity driven by the shock wave. Both fiber probes and Dremin loops are situated at the same radii from the change enabling direct comparison of the measured shock waves. The test set-up is shown in fig. 3 (b). The displacement due to the initial shock is ~25 μm. The peak pressure, shown in the lower plot, is ~0.06 GPa (0.6 kbar) and is determined from the calculated velocity and the plane wave assumption described above. Fig. 4(b) shows the corresponding measurements from a collocated Michelson interferometer sensor and FabryPerot sensor. Measurements of the initial shock overpressure agree within ~20 %. The minimum detectable pressure for the Michelson interferometer probe is 80 kPa. The largest measurable pressure has not been determined, but is likely to be in excess of 10 GPa due to the large electronic bandwidth of the sensor yielding a dynamic range greater than 10
5
. Figure 5 (a) and (b) shows velocity measurements taken by the Michelson interferometer sensor and Dremin loop at the same radii from the explosion for two different measurements under the same conditions. The measurement of peak velocity from the initial shock for the fiber probe agrees very closely with the Dremin loop. The Dremin loop clearly shows the underpressure that follows the initial shock. However, the fiber probe records substantial additional structure, although the general shape of the underpressure is clearly visible. One explanation of this additional structure may be resonant behavior of the fiber probes causing a complex frequency response. This may be overcome with an independent characterization of the frequency response of the fiber probe, as described in [8] . 
CONCLUSIONS
A new diagnostic technique has been demonstrated for characterizing shock waves in solid media based on fiber optic pressure and diplacement probes. Measurements from the fiber optic displacement probe agree with corresponding measurements of pressure from the Fabry-Perot pressure sensor. The displacement probe measurements are also in close agreement with measurements from Dremin loops.
